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PREFACE

This effort was conducted by Vanderbilt University under the sponsor-
ship of the Rome Air Development Center Post-Doctoral Program for RADC/
OCSA. Mr. Don Hildebrand of RADC/OCDR was the task project engineer and
provided overall technical direction and guidance.

The RADC Post-Doctoral Program is a cooperative venture between
RADC and some sixty-five universities eligible to participate in the
program. Syracuse University (Department of Electrical Engineering),
Purdue University (School of Electrical Engineering), Georgia Institute
of Technology (School of Electrical Engineering) and State University of
New York at Buffalo (Department of Electrical Engineering).act as prime
contractor schools with other schools. participating via sub-contracts
with the prime schools. The U.S. Air Force Academy (Department of
Electrical Engineering), Air Force Institute of Technology (Department of
Electrical Engineering), and the Naval Post Graduate School (Department
of Electrical Engineering) also participate in the program.

The Post-Doctoral Program provides an opportunity for faculty at
participating universities to spend up to one year full time on exploratory

development and problem-solving efforts with the post-doctorals splitting

their time between the customer location and their educational institutions.

The program is totally customer-funded with current projects being
undertaken for Rome Air Development Center (RADC), Space and Missile
Systems Organization (SAMS0), Aeronautical Systems Division (ASD),
Electronics Systems Division (ESD), Air Force Avionics Laboratory (AFAL),

Foreign Technology Division (FTD), Air Force Weapons Laboratory (AFWL),
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Armament Development and Test Center (ADTC), Air Force Communications

‘Service (AFCS), Aerospace Defense Command (ADC), Hq USAF, Defense
-Cormunications Agency (DCA), Navy, Army, Aerospace Medical Division (AMD),

and- Federal Aviation Administration (FAA).

Further information about the RADC Post-Doctoral Program can be
obtained from Mr. Jacob Scherer, RADC/RBC, Griffiss AFB, NY, 13441,
telephone Autovon 587-2543, commercial (315) 330-2543.
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The works of numerous authors have provided a y:eat deal of

analytical information concerning -antennha systems and their farfield

ST NG AP RN

radiation patterns. A comprehensive antenna performance analysis
package, however, is singularly lacking. At the present time many
programs -exist that calculate the radiation pattern of particular antenna
systems. However, .a new set of software is often needed for each

antenna that is ana1yzed.‘AIt seems desirable, then, that a software

5
ool b atnbas AR 1S 0 0 AR X

package be developed which will allow the quick énd accurate calculation

of realistic far-field radiation patterns. This report presents just

v

such a development. The software package described herein is capable
of modeling a wide variety of antenna configurations and has been given
the name Parametric Antenna Analysis Software which is abbreviated to
PAAS in future references. The results from any particular antenna
evaluation using PAAS are available quickly and in a form that is easy
to interpret. The key goals of this development have been speed,

accuracy, and ver%atilixy with easily evaluated results.

Via PAAS, the designer is provided with a tool for accurate
quantitative as well as qualitative antenna analysis. A set of
interactive computer programs or software modules are presented which

give the user the necessary means to estimate the antenna pattern from

.
sl e G e KT 5 e

a specified aperture excitation. This work is aimed primarily at the

2D &

user who requires information regarding the far-field radiation ]

pattern of discrete planar arrays. The principal applications




s et e o eyt

of discrete planar arrays are sampled dish illumination functions evaluated
in a referénce plane and electronically scanned phased array antennas.16

PAAS contains the software necessary to model the current distri-
bution of an antenna array and compute the complex E:field radiation
pattern which corresponds to the modeled distribution. Processing of
the radiation pattern data by the user may include plotting or a special
purpose. processing for a particular user application. 1In this report
the data are plotted for 111ustrhtive purposes to show the capabilities
of PAAS. The data are plotted in one of two modes. A symbolic repre-
sentation using alphanumeric characters gives an accurate quantitative
Took at various aspects of the pattern such as main lobe width and side
lobe level. A pseudo three dimehsional plot gives qualitétive information
about the same pattern.

With-the software package described in this report, the antenna
designer can quickly and accurately determine the far-field radiation
patterns for a specific antenna- aperture excitation. The sp;ed of this
design tool allows the user to quickly change one parameter affer
another to evaluate the effect on the radiation pattern. The ability
to make these evaluations quickly and accurately was con;idered essential
to the success of this software package.

This report has been divided into two volumes. Volume 1 contains:
(1) A discussion of the modeling theory used in -developing the PAAS
modules, (2) appendix 1 which provides a cross reference between the input
data and the figures shown in volume 1, and (3) appendices 2 and 3 which
contain tables of the Taylor and Bayliss weighting functions. Volume 2

contains appendix 4 (PAAS user manuals) and .appendix 5 (PAAS computer

program documentation).

vi
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EVALUATION

Contract No. F30602-75-C-0122, Parametric Antenna Analysis Software
Package (Vol I: Aperture Theory and Design Tables; Vol II: Computer
Program Documentation and User Manuals)

A complete, user-oriented, software package for use in performing
parametric analyses of the spatial response of large aperture antennas
has been developed under this effort. The package has been installed
and tested on RADC's H6180 computer facility. The simulation is
capable of modeling a wide variety of antenna configurations with
speed and accuracy, It can provide both quantitative and qualitative
results, and can model both reflector and array antennas of up to 1000 A
extent.

The software package can be used most efficiently by operating it
via the Interactive Radar Simulator facilities developed under contract
F30602-75-C-0063. However, it has been designed and implemented in
such a way that it is also usable from any terminal having access to
the Honeywell 6180 GCOS executive. In this usage, the programcin be
run using the CARDIN subsystem.

It is planned to make extensive use of this software package for
studies being conducted under RADC's Spaceborne Radar and Advanced
Taé¢tical Radar programs.

The software was developed by personnel at Vanderbilt University
under the sponsorship of the RADC Post-Doctoral Program. This effort
fits into the RADC Technology Plan under TPO-R1C, Surveillance Sensor
Technology, and under TPO R4B, Surveillance ECCM.

A ! 10 ;
4;¢vu@é{zzgyééiél;pﬁbnnﬂ
DONALD A. HILDEBRAND
Project Engineer
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CHAPTER 1
INTRODUCT 10N
1.1 Fresnel-Kirchhoff Diffraction Integral

Following Skolnik's work, the Fresnel-Kirchhoff scalar diffraction
integral expressed in Equation 1.1 defines the relationship between a
radiating source and the E-field distribution in space caused by that

source (1).

F(P) = %TJ G(&,n)exp{-jkr} [(J'k%::)cosm,r)+jkcos(n.s)]%dsdn (1.1)
area

where:  F(P) = The scalar field to a point P(x,y,z)
G(£.0) = The aperture excitation function

(n,r) = The angle between the normal to the aperture face
and the "r" direction.

(n,s) = The angle between the normal to the aperture face
and the phase illumination across the aperture.

r = Distance from the point P(X,y,z) to the incremental
element area d&dn

F o
i

2 /A

The relationship between these parameters is illustrated in Figure 1.
A better understanding and a derivation of this integral may be seen
in Marion and Silver (2,3). Silvev and Skolnik both stress the
heuristic nature of the Kirchhoff integral. Skolnik quotes from

Barakat, "The theoreticians believe in the Kirchhoff theory because




A e =
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P(x.y,2)

&, v.0) s
4 !
a¢ ﬂ" A
dy 7’ ]
. l

Figure 1: Geometry of scalar diffraction field.

they hold it to be an experimental fact, while the experimentalists
think it to be a mathematical theovem (4)." The integral, even though
it lacks mathematical rigor however, does characterize the complex
E-field distribution of a radiating source and is used as the basic
definition of the radiation pattern throughout this work.

There are three "regions" of interest which are characterized by
special approximations to the diffraction integral. The first two
regions in radiated space are the near-field and the Fresnel region.
A of the approximations used for these also apply to the third
region, the far-field, which is the subject of this paper.

Skolnik has shown that the Kirchhoff integral is simplified to

the integral shown in Equation 1.2 for the far-field approximations.

F(P) = i%exp{-ij} 6(£,n)exp{iksin0(Ecosv+nsiny)dedn  (1.2)
area

where: R The distance from the origin to the point P(x,y,z)

>
1]

2 w/A




E,n = Incremental coordinates in the x-y plane
8 = Angle of elevation

¥ = Angle of azimuth

For a rectangular aperture with dimensions a x b and uniform
amplitude and phase excitation the integral is separable and gives

(assuming G(&,n) = 1) Equation 1.3.

jE fa/z
TEom) v xﬁg-exp{—JkR} /2exp(3kgsinecdsw)d5 .
/-a
exp(jknsinesiny)dn
/-b/2

Integrating Equation 1.3 results in Equation 1.4,

F(0,9) = szn{(na/k)sinecosW} _ sin{{nb/A)singsiny} (1.4)

1a/A)sindcosy {mb/A)sindsiny
The terms outside the integral in Equation 1.3 have been dropped since
they only have a scaling effect on F(6,¥). It can be seen that
Equation 1.4 is the product of two (sin x)/x functions which
characterizes the far-field radiation effects of a rectangular
aperture.

For the evaluation of a circular aperture a change of variables

to polar coordinates and appropriate substitution in Equation 1.2 gives

the circularly symmetric equivalent of Equation 1.3

1
F(u) = 212’ J G(r)Jo(ur)rdr, (1.5)

0

\0




where u = sing, "a" is the radius of the aperture, and Jo is the
Bessel function of the first kind and order zero. For G(r) = 1 the

far-field becomes
J](u) .
2 [y » 5
F(u) = 2na u (1.6) %

1.2 ‘Fourier Transform Representation

The integral representation of the far-field radiation pattern of
a continuous aperture excitation given in Equation 1.2 is in general
very difficult to evaluate. In the case of the rectangular aperture
the relationship between the aperture excitation and the far-field
radiation pattern can be shown to be the product of two Fourier Y
Transforms.
For the ¢ = 0-plane and with a substitution of u = ma(sin6)/A
and x = (2/a)t into Equation 1.3 the far-field radiation pattern

becomes

1
Flu) = [ 6(x)ed ¥ dx. (1.7)
-1

This equation is a finite Fourier transform of the illumination
function.

For most continuous aperture excitations, however, the integral in
Equation 1.2 is not so easily evaluated. To show that the far-field
radiation pattern of a circular aperture is the Fourier transform of
the aperture excitation requires a knowledge of the relationships

between Hankel and Fourier transforms. Other aperture excitations
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and shapes become completely intractable.

In Chapter II a discussion of the relationship between discrete

¥
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E

planar excitations and their corresponding far-field radiation

=

patterns is presented. It is shown that for all discrete planar
excitations with equally spaced radiators, the far-field pattern is a

2 dimensional DFT of the aperture excitation. f
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1.3 Parametric Antenna Analysis Software (PAAS)
General Description ;

et

The PAAS modules presented in this report consist of a set of f 3
Fortran modules used to load and transform a desired antenna design. P

The modules are broken down into three groups: 1) loading modules, ‘ =%
4

2) support modules, and 3) transform module. A1l of the software
was developed for use on a Honeywell 6000 series computer using the

time-sharing GCOS operating system (5).

The aperture loading software includes:

1) PLARY  The initial aperture loader. PLARY includes
many weighting and deterministic phase functions
and has provisions for both amplitude and space :

tapered arrays of rectangular, circular, and

elliptical shape.

.
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2) RNDERR Modifies a previously generated aperture by adding
random phase errors of specified distribution

(uniform or Gaussian), mean, and standard deviation.

3) FILMOD Modifies a previously generated aperture by

"punching holes" and/or changing individual antenna
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element values according to user specified
instructions.
The support software includes:

1) TBLS A-program to generate numerical tables of various
weighting functions. The user provides radius (or
length), type, and other appropriate weighting
parameters. The Program also generates tables to
compare to data generated by the probability

X | density estimator program PDFESTR.
2 2) PDFESTR A program used to generate the probability density

histogram of statistically loaded or space tapered
apertures.,
ﬁ : 3) RTI4(6) A symbolic-display module which converts relative

magnitude into letters of the alphabet, numerals,

W ek ey e

or punctuation symbols and arranges them into a

matrix which is printed on the time-sharing terminal.
The program allows the user to vary the reference
magnitude and the magnitude increment between symbols
so that a very large dynamic range may be displayed.

4) PLTDVR  PLYDVR formats and transfers data to a recording

? é (6) device in a form that is used in producing a

: pseudo-3D representation on a 4014 Tektronix graphics
display terminal.

g' The Fortran batch program used for mapping the antenna aperture

excitation into the far-field radiation pattern is FFT2DX. The program

\I
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E,* selects an aperture distribution and performs a two-dimensional
;f; Fourier transform on the input array to generate the corresponding
far-field.

In summary, PAAS is a group of modules which allow the designer

to model an antenna of arbitrary characteristics. In the following

E - chapters the capabilities of PAAS are illustrated.

?&i The block diagram in Figure 2 depicts how the various PAAS

55 modules fit together. The user interacts with all of the time-sharing
system (TSS) modules (except PLTDVR) through a standard time sharing
iii terminal. The data that is formatted and transmitted by PLTDVR must
be recorded by the user on a data storage device. The recording and
| all the plots were made using the Dedicated User Interface Subsystem

(DUIS) (6). From the block diagram it can be seen how one would

progress through an antenna simulation. Details of the modules, how

ok Lty e

to use them, documentation, etc. are presented in the appendices.

1.4 MWeighting Functions

Weighting functions are used to modify the effects of the Gibbs

%i | phenomenon which occur as a result of transforming a truncated
¥ ; sequence (7). The ratio of the sidelobe amplitude to the mainlobe
éé amplitude is decreased at the expense of broadening the main beam when
amplitude weighting is used.
Some weighting functions, notably the Taylor, produce extremely

good results (8-10). The Taylor may be used to approach the ideal

weighting distribution, Dolph-Chebyschev, to any degree of accuracy
that the designer wishes (11).

0
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Some of the weighting functions are for specific aperturs shapes.

There are eight weighting functions implemented in the array loader
PLARY. The element weights for the rectangular and elliptical arrays
are calculated as the product of two orthogonal weighting functions
evaluated at each element with respect to the center of the array.
The element weights for the circular arrays are evaluated using a

circularly symetric weighting function.
1.5 Deterministic Phase Functions

The three deterministic phase functions whicﬁ are included in
the simulation are linear phase shift, quadratic phase error, anc a ’
Bessel phase error distribution (1,12,13). The linear phase shift \
is implemented for beam steering purposes. Quadratic phase error is
introduced by bending in mechanical antenna structures. The Bessel
phase error distribution results from machining errors in circular

mechanical dish antennas (12).
1.6 Random Phase Errors

In addition to the deterministic phase functions discussed above
the program RNDERR allows the user to add random phase errors to the
aperture current distribution. Phase errors of this nature have been
discussed by many authors (13-19). Random phase errors are present
in any antenna system. They arise as a result of a number of physical
causes such as uneven transmissicn line length, non planar apertures
and variable transmitter outputs. Sidelobe deterioration and loss of

main beam gain are the major effocts of random phase errors.

9
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1.7 Statistical or Space Tapered Arrays

In realistic design si!tuations the antenna designer must be

L e bR, e e s S et Lo ot e i i L A Sl

E concerned with space tapered or thinned arrays because of the

? economics of building large phased array antennas (20). Statistical 3

tapering is achieved by loading the antenna array elements according
E to a probability density function. The density function is determined
by the normalized values of the design weighting function. The

elements that are active radiate unit power and those that are not

active are replaced by dummy elements. This leads to an antenna system
with fewer active radiators and all radiating at one power level.
These antenna designs are useful economically but can create Y

difficulties because of sidelobe level deterioration.

1.8 Special Antenna Options

W s
C e S i A

The illumination function of most mechanical dish antennas are

Sonceo i,

blocked by feeds, supports, or other similar structures which cause

gt

o e
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deterioration of the far-field radiation pattern. This can be

simulated using the special module, FILMOD. FILMOD is used to
“punch holes" and/or change individual element values in the input
aperture distribution. Another problem in phased array antennas is
the possibility of losing individual elements due to random failures.

Worse still, power to entire subarrays may be lost. This causes a

hole in the aperture distribution but is usually rather irregularly
shaped so that its effect is minimized. This can be modeled by

; ‘ going through the aperture array and zeroing out the individual




elements that would be lost in a transmitter failure. 3
1.9 Prospectus

The set of PAAS modules presented here are used to model a

wide variety of antenna situations. The far-field radiation patterns

are computed using the module FFT2DX. The designer is given many
options in both phased-array antennas and also in mechanical dish
antennas. In situations where a closed form solution of a particular
antenna design is not known (which is realistically the case for all
antenna designs) the designer may use the analysis package described
in this thesis to investigate the far-field radiation pattern. The ¥
designer may also run sensitivity tests of the antenna to various
effects such as random phase errors, subarray or element loss, and
beam steering. The work of the designer is greatly aided, and he may
now see in both a quantitative as well as in a qualitative way the
results of a particular antenna design.

In the text that follows, Chapter II through V, illustrative
material is presented that indicates to the reader what situations the
simulation is capable of modeling. Chapter II discusses in detail
the relationship between a discrete planar aperture excitation and
the far-field radiation pattern caused by the excitation. Chapter III
discusses the planar array loader and all the capabilities included in
the Toader. Chapter IV discussed the far-field effects of .random
phase errors. Chapter V discusses the simulation of aperture

radiation blockage and its effect on the far-field radiation pattern.
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The appendices are included to instruct the reader on how to use
the simulation. The computer software, documentation, and flow charts

for all the simulation programs are presented. The documentation

? includes a discussion of the meaning of the input variables, theory

of operation for the program, and the subroutines required by the

program. Detailed 1istings are presented so that the user may
better understand the logic of the program and/or modify the program

to suit his particular needs.
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CHAPTER II
APERTURE TO FAR-FIELD MAPPING, FFT2DX

2.1 The Relationship Between Terminal Current and

the Radiated Field

An aperture is defined herein as an array or grid of radiating
elements. The elements are assumed to be isotropic radiators and are
equally spaced along the vertical and the horizontal axes. From
M. T. Ma the E-field produced by a radiator is defined by the
following equation (21).

E;(0,9)=8(8,¥) I exp{j(2m/A)r cosp, +a} (2.1a)
= B(o,9)1;e%C (2.1b)
where
C; = (2n/k)ricoswi o, (2.2)
Ii = The magnitude of the current in the radiating element
o = The phase component of the radiating element
¢i = The angle between the radiating element and the
observation point
rs = Radius from the origin to the radiating element
CRY = Function relating terminal current in the elemental

radiator to the E-field at some radius, R, for the
angles 6 and .

The relationship between these parameters may be seen more clearly

in Figure 3. The E-field and thus the power field are related to

13




ey ﬁWW;WWW—% TR e R T e
A . A N N ~ "y . -

to distant point

i™ ontonne
",!( 118, 9;)

2 1)

ol ‘ .
P U

~

’
3

Figure 3. A representative antenna element in the freespace.

the radiator current by a constant, g(0,y), at each point in the far-
field. As a result of this it is now appropriate to describe the
aperture eﬁement excitation in terms of a complex aperture current
distribution.

The E-field distribution, Ei(e,w), in the far-field caused by
each radiator has been shown to be related to the terminal
current, 8(0,y)- I, times a constant, exp(jC:). The E-field
distribution of all the radiators, E(6,p), is the sum of the E-fields

from each radiator (9). Thus,

E(0,w) = ZE;(6,9) (2.3)
1
= 18(0.)1;e%s (2.4)
1
= 8(o,u)1, oH.elCs (2.5)
N TR

elemental array
radiator factor
pattern

where: Ii = Imaxwi and 0 5.wi <1
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When the radiation pattern is expressed in the form of Equation 2.5 it
is seen to be the product of two terms. The first is a function of the
element characteristics, has the units of volts, and is called the
elemental radiator pattern. The second term is a dimensionless quantity
that is a function of the array shape and configuration. This term

is called the array factor. Since isotropic radiators have been
assumed, B(0,p) is a constant and thus the elemental radiator pattern is
a constant. The radiator pattern that is computed then is equal to

the array factor times a scaling constant. To evaluate the radiation
pattern of an array of identical non-isotropic radiators the computed
far-field wmust be multiplied by the function sn(o,w) where n denotes
the particular type of non-isotropic radiator used and sn(o,w) is the
function relating terminal current to far-field voltage for the

selected elemental type.
2.2 Discrete Fourier Transform

Now that the relationship between current and the radiation from
a particular element has been established, the current to each element
may be used to express the aperture excitation. In Figure 4, a grid
of equally spaced elements is shown along with the angles to the far-
field observaiion point, P{r,0.¢). The E-field radiation in the

far-field is given by (22)

M Ny
E(Qa(p) = B(oi‘l‘) )} b
m=-Ny n=-N

I mn
¥

exD{jksino(ndxcos¢+ndysin¢)} (2.6)
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1; This equation may be rewritten as
N,
- E(6,¢) = B(0,4) I exp(jksinendxcos¢) .
! m=-N

- X
7,
k N

k: \ b .
éﬁ _ NE-N Imnexp(3k51n0ndys1n¢) (2.7)
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>§) Equation 2.7 is in a form that has isolated the x and y components.
; The parameters 6 and ¢ are however still involved in both summations.
ﬁ%: It would be convenient if the two summations could be carried out in
ig rectangular coordinates rather than polar coordinates. The reasoning
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for this becomes evident later.

From Figure 6 the relationship between the angles 6 and ¢ and the

angle o, and ay is seen to be

cosa,, = sindsing (2.8a)

sindcos¢ (2.8b)

COS(Y.x

These are the direction cosines of the vector with azimuth angle, ¢, and
elevation angle, 6. Any point in the far-field can be represented by
a pair of direction cosines. Now if the direction cosines are

substituted into Equation 2.7 it becomes
Nx
) = B(cosa,,cosa.) I exp(jkmdxcosax) .

»COSQl X y) L
m=-N,

E(cosa y

X
(2.9)

N
y .
nE-N Im(n)exp(akndycosay)

M

The polar function E(0,4) has been changed to a rectangular

function, E(cosa ,cosay). The relationship from the points in space

X
to the aperture plane are now determined by the direction cosine
coordinates rather than the angles of azimuth and elevation. The

current distribution, I (n), still represents the original grid of

m
¥
elements. The subscripts have been changed however to represent m

rows of elements with n elements in each row or a total of n columns.
This is done so that the evaluation of E may be separated into a
summation on the rows, then a summation on the columns.

By letting

17
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Equation 2.9 becomes

21

~ N
E(rz,r]) = S(rz,rl) mETN exp(JEN;rzm) .

n=-Ny

N
y YA
b3 Im(n)exp(JzNyr]n)

(2.11)

Because of the periodicity of the input function, the limits of the

summations may be changed as in the following equation.

N

E(rz.r]) = B(rZ’rl)mzxerNxx

0

where:

NXX

Nyy

Comparing Equation 2.12 with the
Fourier transform (IDFT),
2n

N-1 2n

x(r) = & X(k)eIN K
k=0

it is seen that Equation 2.12 is a two-dimensional IDFT.

N 21
ralll oYY Jg— ryn
2" Yl N .
o m(n)e vy 1 (2.12)
2Nx
2Ny

Equation for the inverse discrete

(2.13)

The far-field

f of an input aperture can thus be calculated using the FFT algorithm.

The structure of the summations now allows the m rows of the

current distribution to be transformed and then the n columns.

18
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this technique any aperture current distribution can be transformed

by doing an FFT across each row and then down each column. This 3
technique is completely general. f
The progvam FFT2DX maps the aperture currvent distribution into the i

far-field radiation pattern. The program computes the radiaticn pattern
by doing two sets FFTs. First the rows of the input aperture ave
transformed and storved onto an intermediate file. The program then
transforms the columns of the intermediate data. Only those parts of
the far-field requested are stored onto the user designated permanent 4
disk file. The resulting data is the complex E-field pattern of the
input planar aperture current distribution.

In the following chapters the input aperture current distributions :
are discussed and their corresponding far-field radiation patterns are
shown. In this way the effects of each aperture feature on the far-
field radiation are presented and can be studied along with the

specific aperture distribution. 3
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CHAPTER I1I 4

THE ARRAY LOADER, PLARY

3.1 Introduction 3

The array loader, PLARY, contains the necessary optional features

to Toad an antenna array. The features included are 1) shape and

size, 2) weighting, 3) beam steering (including quantization phase

error), 4) Bossel phase error, and 5) statistical loading or space

tapering. In the following sections equations and examples for the v
various features are given. For each feature the far-field is also )
shown and discussed. Where possible, comparisons to known far-field
solutions are made to show the validity of the simulation. Using the

aperture to far-field mapping discussed in Chapter II it is shown

that the simulation gives expected results for the more complicated

antenna apertures. In fact, the work in Chapter II has shown that

all the far-field results from the simulation are exact for the

R R e

given antenna aperture current distribution.

Unless noted otherwise, the aperture plots are current magnitude
representations of 64 x 64 element arrays. This allows a radius of
32.0 for circular apertures. The rectangular apertures can, of
course, fill the aperture field. In Chapter II it was shown that

the far-field radiation pattern of the aperture current distribution
is in geiteral a two-dimensional Fourier transform of the aperture

distribution. Unless noted otherwise, the dimensions of the computed

i i i o i S b M 2P R AR s
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far-field are 256 x 256 points. The far-field plots shown are linear

i ! energy magnitude plots with dimensions of 64 x 64 points and are
;i located in the middle of the far-field. The plots thus represent
2 1/16 of the total area of the calculated far-field.

;<, 3.2 Shape and Size

In Chapter I it is shown in Equation 1.4 that a rectangular
aperture produces a far-field radiation pattern that is the product
of two (sin P)/P functions. Figure 5 illustrates the antenna pattern
for an array that has 40 elements on a side and a uniform current
distribution. The peak sidelobe level is 13 dB down from the main
Tobe as is expected. It can also be seen in the figure that the two
cardinal planes contain the specified (sin P)/P functions and the

other points in the far-field are determined by the product of these

two orthogonal functions. In Figure 5 the vertical axis is

magnitude. The X and y axes are direction cosines defined by

: Yy = cos uy = sin0 sing
o and X = cos a = sind cos¢
= where 0 is the elevation angle and ¢ is the azimuth angle. These

units for each axis are dirvection cosines and apply throughout the

thesis in the far-field radiation plots.
3 Equation 1.6 defines the far-field radiation pattern of a cirvcular

aperture. The expected peak sidelobe level is 17 dB down from the main

s

: Jobe. Figure 6 illustrates the far-field antenna pattern of a circular

aperture with a radius of 32 elements and a uniform current distribution.
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Figure 6. Far-field of circular aperture w/radius = 32.




The peak sidelobe of this plot is 17 dB as expected. The character

of the sidelobe structure follows the predicted Bessel function
exactly.

Thus, rectangular apertures produce far-field radiation patterns
thac are characterized by the product of two orthogonal (sin P)/P
functions. Circular apertures produce far-field radiation patterns
that are characterized by a circularly symmetric Bessel function of
the first kind and first order. These characteristics are still
evident as the underlying nature of the far-field patterns produced
by the modified rectangular or circular apertures in the sections to
follow.

The size or number of radiating elements, N, of an antenna
determine several antenna radiation characteristics. The beamwidth
is effected by the number of elements in the array. As the number
of elements increases along one axis the beamwidth decreases along
the same axis. Thus if a square aperture were elongated in the
x-direction, the beamwidth in that direction would decrease. The
average sidelobe level caused by random errors also decreases as the
number of radiating elements increases. A more detailed discussion

of random errors is presented in Chapter IV.
3.3 Weighting Functions

Weighting functions are used to help improve the main lobe to
sidelobe amplitude ratio of the antenna pattern. The pattern shown
in Figure 6 is that of a réctangularly weighted circular aperture.

This means that there is a uniform current distribution to all the
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radiating elements in the aperture grid. The "weighting" produces a
rather narrow beam but has sidelobes that are only -17 dB with
respect to the main lobe peak. This result is a manifestation of the

Gibbs phenomenon which describes the effects of transforming a
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truncated infinite sequence (7). If the sequence is tapered rather
than simply truncated, a compromise is made and the effects of the
Gibbs phenomenon are modified. The peak sidelobes are lowered but
the narrow beam must be sacrificed for a broader one. There are
many types of amplitude tapers or weightings. The weighting functions
implemented in the array loader, PLARY, are

1) cosine on. a pedestal to a power,

2) Blackman,

3) Kaiser,

4) Bartlett or triangular,

5) Taylor,

6) Bessel,

7) cubic, and

8) Bayliss.
These functions are discussed below, and examples of both the
weighting function and the far-field are shown. A program to. calculate
the numerical value of these weighting functions is presented in
Volume II.

Cosine on a pedestal to a power represents a large group of

weighting functions. Both the Hanning and the Hamming weighting

functions are special cases of this weighting function. The general

25
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equation for this group of functions is (23)

w(x) = P + (I-P)-cosN(Xn/ZR) (3.1)
where: P = Height of the pedestal
x = Independent variable
R = Radius or half-span of the weighting function
N = Power of the cosine function

A common weighting is one half cycle of a cosine function (P = 0.0)
with the zero crossings at the edge of the aperture (23). This
weighting gives 26 dB sidelobes. An exampie of the weighting function
is shown in Figure 7 while the corresponding far-field is shown in
Figure 8. It is not possible to determine the sidelobe level of the
far-field from the 3D-plot in Figure 8, but using another representa-
tion, RTI4, the sidelobe level may be accurately determined. An
example of this representation is seen in Figure 9 when the spacing
between letters is 2 dB. The peak of the far-field gair is 62 dB

and is represented by an "A" on the plot. The first sidelobe is

26 dB below the main lobe and is represented by an "N" on the plot.
The peak and the first two sidelobes are indicated in Figure 9 by

the outlined areas. Using this representation the sidelobe level of
the far-field can be determined within the accuracy of the letter
spacing. The sidelobe levels given throughout the rest of this text
were determined using plots of the type shown in Figure 9. Most of
the plots used for illustration however are the type shown in Figures

7 and 8 because of their overall qualitative information content.
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Far-field of cosine distribution.

Figure 8.
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The Blackman function tapers very gently at the edge of the
aperture and as a result produces very low sidelobes (13). The
weighting function is shown in Figure 10 while its transform is shown
in Figure 11. The sidelobes are 58 dB down in Figure 11. The
sacrifice for low sidelobes is a broadening of the main beam. In
fact the 3 dB beamwidth is about twice the beamwidth of the same size
array with rectangular weighting, as is in Figure 6. The Blackman
weighting function is a variation of the cosine on a pedestal. It
is the difference of two cosine on a pedestal functions plus a

constant. The equation defining the Blackman is (23)
w(X) = 0.42 - 0.5-cos{(X/R+1)-m} + 0.08-c052{(X/R+1)'n} (3.2)

where: R = The radius or half span of the weighting function

X = Independent variable

The Kaiser weighting function is unique among the simpler weighting
functions because it allows the designer a choice in compromising

between main lobe width and sidelobe level (23). The equation for the

K /n2 2

Kaiser weighting is

-0
W(X) = —-——I—(m—— (3.3)
0
where: K = The Kaiser trade-off variable between main lobe width
and sidelobe amplitude
R = The radius or half-span of the weighting function
X = Independent variable
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Far-field of Blackman distribution.
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The range for the trade-off variable is 2 < K < 8. Within these limits
a wide range of choice is available. If the choice of K is close to

2, then a very narrow main lobe results at the sacrifice of higher

f: sidelobes. An example of the weighting and its far-field are shown

in Figure 12 and 13 respectively for a Kaiser variable equal to 2. If
a Kaiser variable closer to 8 is chosen, the results are very low
sidelobes at the sacrifice of a wider main lobe. For a Kaiser variable
equal to 8 the aperture and the far-field are seen in Figures 14 and

15 respectively. The sidelobe level for the far-field in Figure 13 is

22 dB as compared to a 58 dB level in Figure 15. It should also be
noted that the main lobe of the far-field in Figure 13 is 3.0° compared
to the main lobe of Figure 15 which has a main lobe width of 5.0°,

The Bartlett or triangular window is perhaps the simplest of the

B weighting functions. Its equation is (23)
-
%j‘ w(x) =1 - x/R (3.4)

=
fu

where: The radius or half-span of the weighting function

% and x = The independent variable.

The sidelobe level of this weighting function is 32 dB down (24). An

example of the weighting function is shown in Figure 16 while the far-

field is shown in Figure 17. The sidelobes are indeed down by 32 dB

but the main beam is about one and a half times as wide as for a

uniform distribution. Here again the design trade-off is between side-

loba level and main lobe width,

The Taylor weighting distribution is perhaps the most sophisticated
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Kaiser aperture current distribution (Kaiser variable equal to 8).
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weighting function available to the antenna designer (8-10). It allows
the designer to approach the ideal Dolph-Chebyschev weighting function,
the "ideal" criterion being the best main lobe width for a specified
sidelobe level. The Taylor approaches this to any degree of accuracy
that the designer may wish. The set of equations for the Taylor

weighting for a circular aperture are given below (9,10).

N-1 9, (u P)F(u_,A,N)

wp) =% 3 20 (3.52) 3

™ m=0 {3 (mu )}

where: P = mx/R (3.5b) 4
v §

X = Independent Variable : i
R = Radius of the weighting function i
4

-

1 sm=20 3

_ 9 ,’:

N-1 u il

- Jo(mupd 7T 01 - =5 5= ‘-

0 M p= 02[52 + (n-%)‘] _ 3

~ . (3.5¢)

N-1 v 3

Flu,A,N) = 4 TT (cm 2 r
m ¢ —_ A2
n=l U - un) } 3

n#m _ 3

m=1,2, ..., N

0 ,m=N+1, ... E

cosh™'n 3

A= 10 (3.5d)

n = antilog (DB/20.0) (3.5e)




) ’
{ P
4 2
3 ;f
% | DB = Design sidelobe ampiitude in dB :;
EA iy ég
3 I LR (3.5f)

e I ey?

i‘ Wy = The zeros of the Bessel function

:.t ) =00 m 1,2, L

;” N = The number of cqual amplitude sidelobes desired,

X

?‘} The Taylor weighting function may be made Lo approach the {deal Dolph-

55: Chebyschev function. This 1s achieved by choosing targer values of N,

? ‘ The value of N also determines the number of equal helght sidelobes ¥

% E in the far-field. The sidelobe level decreases monotonically after

53 é the Nth sidelobe. For a given sidelobe level and N the main beam

?.j associated with the Taylor distribution 1s the smallest of any weighting

g function for the given sidelobe level., The articles by Taylor and

?\ lansen give more fusight and discussion on this weighting function

;: (8-10). An example of the Taylor weighting for a 20 dB design and N

i equal to 10 is shown in Figwe 18. The corresponding far-field is

;;3 shown in Figure 19. Notice the equal sidelobes in Figure 19 compared

Eég to wonotonically decreasing sidelobes of the uniform distribution of

Figure 3.

The sidelobes remain equal for the required design number which in
this case is 10.

The Bessel weighting function {15 produced by the feed system of

This 1s the characteristic feature of the Taylor weighting,

vgr,sx-.';-é AN A

P

5 some mechanical dish antennas (12).  The welghting {s such that the 'é
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first zero crossing of the Bessel function is at the edge of the
aperture. An example of an ideally positioned Bessel weighting is
shown in Figure 20. If the zero crossing is inside the aperture, then
the current distribution appears to be on a pedestal. If the zero
crossing is outside the aperture, thern the current distribution may
have negative amplitude at the edge. The far-field of the aperture

distribution in Figure 20 is shown in Figure 21. The equation for the
Bessel weighting is

W(X) = 8 J (kr) (2.6)

where: X a2 Independent Variable
Bmax = The maximum weighting amplitude

re = The radius scaling constant

The sidelobe level of the Bessel weighting is 28 dB down from the
main lobe which has a beanwidth of about 3.4°.
The cubic weighting produces a difference pattern in the far-field

which is used in monopulse tracking radar (12). The equation for the

cubic weighting is

w(x) = cmaxx(x+R)(x-R) (3.7)

where: X = Independent Variable
R = The half-span of the weighting function
Cmax = Amplitude scaling constant

4

This wejghting may only be used with rectangular apertures and praduces
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Figure 21. Far-field of Bessel distribution.




%’ only 13 dB sidelobes. The weighting and its far-field are shown in é’
f Figure 22 and Figure 23, respectively. ég
f The Bayliss weighting function is the first derivative of the ‘é
%, Taylor weighting function and produces a difference pattern which is ?
% similar to the Taylor in many respects (25). The design criterion ,f
? however is slightly different than the Taylor. The criterion is ?
ﬁ that for a given sidelobe level the slope at 8 = 0 in the far-field %
i: must be a maximum. This again produces equal sidelobes just as did §
;%% the Taylor. A design sidelobe level and a value for N are chosen to ;g
; | produce N equal sidelobes in the far-field. The equations defining }?
g, the Bayliss weighting are given below (25). y ‘%
R-1
w(p) = cos(¥) T B(m)J;(my) (3.82)
.a é m=0 3
%:; where: P = mx/R (3.8b) %ﬁ
;3 X = Independent variable i
% R = Radius of the weighting function ﬁ
éz. Y = The azimuth angle in the aperture plane 3
3? u. = zeros of the Bessel function

f Hlum) =0,m=0,1, ... &
2 - pN-1
;- -jc2u 2 TT01-(2 )3 3
‘ n=1 N m=0,1,...,N-1 (3.8) 3
; B(m) = < ﬂfﬁn-(ﬁ-“l 4 ;
i k=0 ¢ ;
3 k#0

] | 0 ,m=N, N+1,

47

et TS LI L T S R Y




‘UOLINQLUAISLP JUBLAND 3unjdade oa1qn)

*22 dunbid

SLXe-X

T
A >
3 AR
s,
iy
-
o
A
7
oo
4,
%
| m
&
y
2
G+
R
- ue
4
<38
A
;
B
N
I
i
&
&
»
=
4

v
apnjLubey




Fog B iaEiradoons, gt Y i crs ok sr s et oyt 7 e YT > x- AT s,
o

s ,

- "UOLINGLUISLP 31qnd O Pidtj-4ej °£Z unbi4

sixe Xo0s0d

apnjiubey VY




e Siac L ey
o~
0, n=20
Z, = ] . n=1l,...,04

gi.(Az + o)k, n=25 ..
3 §, = 0.9858302 + 0.0333885.DB + 0.000140-D8% - 0.0000019-08° +
P 0.00000001 -0B* (3.8e)
3 £, = 2.00337487 + 0.1141548-DB + 0.0004159-08% - 0.00000373-D8>
- 0.00000001 - D8 (3.8f)
k| £y = 3.00636321 + 0.00683394-DB + 0.00029281-DB” - 0.00000161-08% (3.8g)
X £, = 4.00518423 + 0.00501795-DB + 0.00021735-D8 - 0.00000088-0B° (3.8h)

A= cosh™! n

- (3.81)
n = antilog(DB/20.0) (3.85)
N
o =y (3.8k)
4 N
f 1/€ = ((p on)2=1)d; (cp,_1)
k. 0 1%
3 1 (-(;9%
gf-—-—-——] n (3.8m)
R: N-1 op
. | E (1-(=)?
. n=0 n
"? P, = 0.4797212 + 0.01456692-DB - 0.00018739-08% + 0.00000218-08° -
3 0.00000001 - 0B (3.8n)
%’ The aperture current distribution for a Bayliss with a 20 dB design and

N equal to 10 is shown in Figure 24. The corresponding far-field is

Aeboraie

;



shown in Figure 25. Notice that similar to the Taylor the sidelobes

are approximately equal and that the main beams are quite narrow.

3.4 Beam Steering and Phase Quantization

Planar arrays are steerable in two dimensions, azimuth and
elevation. For representation in sin6 space however, direction cosines
may be used to determine the position of the beam (1). Given the two
direction cosines of a steering angle, the distance from the origin
to the beam in the aperture plane is determined. The distance is also
the sine of the elevation angle 6. The azimuth angle 9, can be

calculated from the direction cosines using the following equation: Y

COS O
-1 = (3.9)
S (!x

f = tan

where cos a, = direction cosine in the x-direction

Cos o

y direction cosine in the y-direction

The angle of elevation is defined in terms of the direction cosines as

6 = sin”! (coszax + coszay)% (3.10)

Instead of using direction cosines directly in the simulation, two
orthogonal angles measured from the vertical axis in the x-y and y-z
plane define the position of the beani. If the two direction cosines
of these angles are taken to be coordinates of a Cartesian coordinate
system in the x-y plane, sometimes called the T-plane, the point

defined by (cosax, cosay) defines the location of the beam (26). The
51
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20 dB Bayliss aperture current distribution with N
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projection of the 3 dB beamwidth in the T-plane to a unit hemisphere
above the plaine defines the 3 dB beamwidth in the far-field. Figure 26
illustrates the projection of the beam in sin 6 space to the beam in

0 space.

An example of an array steered to 22.0° in the y-z plane and 15.0°
in the x-z plane is shown'in Figure 27. The aperture has a uniform
distribution and is the same size as the aperture in Figure 6. Notice
that the shape of the beam and the sidelobes have not changed as a
result of beam staering. This however is an illusion caused by
representation in sin 6 space (1). The real half-power beamwidth is
the apparent beamwidth projected onto a unit hemisphere above the
far-field plot. This gives a beamwidth that is larger fhan appears
in the plot. The scanned beamwidth as a function of the broadside

beamwidth and scan angle is given by the expression

BB(broadside)

BB(scanned) = G

(3.11)

See Figure 26 for an illustration of this effect.

Beam steering is implemented by applying an incremental phase
shift to the elements of the array. This creates a shift in the
phase plane of the aperture current distribution. Often digital pnase
shifters are used to make the incremental phase shift and they are
controlled by a Timited number of bits from an antenna control
computer. The number of controlling bits determines the accuracy of
the phase shifters in steering the beam. Since the maximum possible

phase shift is 360°, the available phase shifts are in steps of
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36G/2n where n is the number cf control bits. In the example discussed
above the number of control bits is very large (n = 20) and gives
extremzly fine phase resolution. As a result of this steering accuracy
the efrects of phase quantizatien are not evident. In Figure 28,
however, the number of control bits is equal to 3. This fiqure
illustrates one ¢f the effects of phase quantization error. The most
obvious effect is the raising of the sidelobe levei. Other effects
that are not as cbvious are the loss in main beam gain and the
appearance of quantization lobes outside the range of the plot in
Figure 28 (1). The quantization lobes may be seen in Figure 29 which
is a 70 dB Taylor design (N = 15). The quantization lobes are ?
introduced in the far-field as a result of the added periodic phase
error caused by the mismxztch in phase shifting abilily and required
phase shift. The peak sidelobes caused by quantization can be quite
high and can cause a considerable degree of degradation in the far-
field. The original design in Figure 29 is 70 dB and the peak side-
lobe caused by quantization is only 18 dB down. The extremely low
sidelobes are picked to illustrate the point, but in all designs the

problem can arise.
3.5 Quadratic Phase Error

Quadratic pnase error is a phascerror that is proportional to the
square of the distance from the origin and it occurs naturally in
some antenna situations. It occurs in flared horn antennas and in

lens type or reflector antennas when the feed is defocused along the
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axis of symmetry (24). The effect of quadratic phase errors is also
seen when the radiation pattern of an antenna is measured at a finite
distance from the antenna. This is a result of the fact that the
measurements are really being taken in the Fresnel region and not in
the far-field. The approximations that are valid for the far-field
are not all valid in the Fresnel region. One of the invalid approxima-
tions is that the quadratic phase term ignored for the far-field
approximation may not be neglected in the Fresnel region.

For the Fresnel region the variations of r in the phase term
exp(-jkr) of Eq. 1.1 are approximated by a linear term and a

quadratic term as follows (1).

ezt (X+€)§:(Y““)2 (3.12)
For the far-field approximation, all the terms above the first order in
Eq. 3.12 are neglected. This approximation may not be made in the
Fresnel region.

Thus, if a measurement of the antenna pattern is not made at a
very great distance, the quadratic phase character of the Fresnel
region shows up. An example of the far-field of an antenna that has
90.0° of quadratic phase error at the edge of the aperture in the y-z
plane is shown in Figure 30. The radiation pattern checks with the

data that Jasik presented in the Antenna Engineering Handbook (24).

The main beam and the first sidelobes in Figure 30 are no longer
separated by deep nulls as in the antenna far-field pattern without the

phase error in Figure 5. Both antennas are square apertures with
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dimensions of 40 x 40 elements and uniform aperture current distribu-
tions. The effects of quadratic phase errors become apparent in light

of this comparison.
3.6 Bessel Phase Error

In addition to the Bessel amplitude weighting that is a result of
mechanical dish feed systems, Bessel phase errors may also arise. The
two characteristics are independent and they may or may not occur
simultaneously (12). The Bessel phase error has a peak at the center
of the array and decreases to zero at the edge of the aperture. The ,
nature of the variation with radius is a Bessel function. In some \
cases the structure of the feed and/or the antenna cause the edge of
the aperture to lie either inside or outside the zero crossing of the
Bessel function. If the edge of the aperture is inside the zero
crossing, the phase errors appear to be on a pedestal much like the
cosine on a pedestal weighting function. If the edge of the aperture
is outside of the zero crossing of the Bessel function, the phase
become. negative for the remainder of the aperture assuming a small
overshoot at the edge. The far-field pattern of an aperture with
+ 90.0° peak phase error at the center of the array and with the zero
crossings aligned exactly with the edge of the aperture is shown in

Figure 31.
3.7 Statistical Loading or Space Tapering

The cost of building large phased array antennas is determined to

s
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a great extent by the number of radiating elements in the antenna. If
the number of elements is reduced, then the cost of the installation is
reduced accordingly. When the antenna pattern is modified by ampliiude
weighting, the number of elements is not changed but provisions for
varying amounts of power to each element must be made. This means that
either power is attenuated from a single transmitter or that various
sizes of transmitters must be used. The price paid in the first case
is a waste of power, in the second case, the price is a greatly
complicated power generation and transmission system. If the required
weighting to produce a good far-field were maintained with a reduction
of radiating elements, the cost of the antenna could be maintained at

a reasonable level. Additionally, if all of the elements were driven
at a single power level, the complexity of the power generation and
transmission system could be reduced. There would also be a much
higher ratio of power transmitted to power radiated, thus, better
efficiency and lower cost. These are all features of statistically
loaded or space tapered arrays. The antenna array is loaded with

only a few elements compared to the number required to completely fill
the array. Each activc element radiates unit power and the only

losses are due to system losses, nut to intentional attenuation. The
elements are loaded into the array using the desired weighting

function as a probability density function (20). Each element weight
is compared to a random number generated from a uniform distribution.
If the random number is less than or equal to the weight of the

element, an active radiating element with unit power is placed at
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that Tocation. Otherwise, the location will be loaded with a non-
radiating dummy element. When tha array is completely loaded, the
radiating elements are distributed according to the density function
determined by the value of the weights of the design weighting
function. An example of such an array is shown in Figure 32. This is
a plot in dB where the symbols represent different dB levels. The
"G" represents an element radiating at unit power. The weighting
function used is a Taylor weighting with 20 dB design sidelobes and a
value of 10 for N. The amplitude weighting for this design is shown
in Figure 18 for comparison. Notice that where there is a large
amplitude in the weighting, there is a high density of elements in ¢
the thinned array. The far-field of the amplitude tapered array is
shown in Figure 19 while the far-field of the thinned array is
shown in Figure 33. The sidelobe level of the amplitude tapered
array is 20 dB. The sidelobe level of the thinned array is at 18 dB
in one spot, but the level of most of the sidelobes are as designed,
20 d8.

The major disadvantage of the thinning technique is not apparent
in the 20 dB design. The mean sidelobe level of a purely random

array is
SLLR = 10 log (1/N) (3.13)

where N is the number of elements. In the design of the 20 df Taylor
array there are 1025 active elements which give a mean sidelobe level
of 30 dB. Since the design was for 20 dB, the random sidelobe level

did not effect the design to ary great extent. If, however, the
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. Figure 32. 20 dB statistically thinned Taylor aperture current

distribution with N = 10.
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design had been for 35 dB sidelobes then the effects of the random
sidelobe level would have caused severe deterioration in the far-field.
Figure 34 illustrates the far-field of a 30 dB design. The aperture
is loaded with 780 active elements which corresponds to a mean side~
lobe level of 29 dB. Notice that the random sidelobe level dominates
the far-field pattern except for the mainlobe. None of the design

sidelobes are present.
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CHAPTLR 1V

RANDOM PHASE ERRORS, RNDERR

A1l of the antenna design work that has been discussed up to this
point has reglected the effect of random phase errors. The aperture
surface has been assumed to be pevfectly smooth with no aberrations
caused by structural errors or other surface defects. The transmission
lines have been assumed to be all of perfect length so that every
element radiates in perfect phase. In reality these assumptions are
not accurate. The defects that arise in antenna systems can create
severe degradation of the far-field. Some antenna designs that produce
good radiation patterns only maintain this feature if random phase
errors are ignored. The works of numerous authors are devoted to the
effects of random phase errors on antenna patterns (13-19).

Random phase errors cause a redistribution of the radiated energy.
Thus, the main beam suffers a loss in gain while the sidelobes receive
the difference in gain as an increase in sidelobe level (13,17). If
the increase caused by the random errors is small compared to the
design sidelobe level, then the effects of the errors are not evident
in the far-field. If on the other hand the sidelobe level of the
design is below the error sidelobe level, the effects oi the random
errors are quite severe. An example of how the effects differ may be
seen by the following comparison. The far-field of Figure 35 is the

result of exactly the same aperture excitation as that of Figure 19
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except that random phase errors have been added. The phase errors are
chosen from a uniform distribution with a mean of 0.0° and a width of
45.0°. (At X-band this corresponds to a surface tolerance of plus or
minus 1.9 mm with respect to the mean.) The effects of the errors
in this example are not evident as a result of the low level of the
random sidelobes compared to the design sidelobes.
E1liott gives the following three rules that characterize random
phase errors in planar arrays (18).
1) The rise in the radiation sidelobes is more the lower the
agesign sidelobe level, for a given antenna size and a
given tolerance. v
2) The rise in the radiation sidelobes is less the larger the
antenna, for a given design sidelobe level.

3) The rise in sidelobe level due to random errors is independent

of scan angle.

The first rule is illustrated by designing a 70 dB antenna of the
same size and tolerance as the antenna which produced the far-field
pattern in Figure 35. Figure 36 illustrates the far-field of a 70 dB
design without phase errors. (The peak has been cut off so that the
Tow sidelobes may be seen). The sidelobes are quite small and the
regions away from the mainlobe are very well behaved. In Figure 37
the far-field of the same aperture is shown. The only difference is
that phase errors (with the same distribution as above) have been
added. The sidelobe level has come up from 70 dB to a level of

38 dB. The increase in the sidelobe level in this case resulted from
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COS(J.X axis

Far-fieid of 70 dB Taylor distribution with N = 15 and radius = 32.

Fiagure 36.
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